T herapeuTic modalities for glioblastoma multiforme (GBM) include resection, radiation, chemotherapy, and recently antiangiogenic therapy such as bevacizumab, which targets vascular endothelial growth factor (VEGF). Antiangiogenic therapy can produce an early, marked decrease in contrast enhancement during imaging studies and consequently reads as a high rate of radiological response. 4, 16 However, these radiological responses should be interpreted with caution because they are partly the result of normalization of the tumor vasculature and not always necessarily indicative of a true antitumor effect. Moreover, antiangiogenic therapy can increase the tendency of tumor cells to coopt existing blood vessels, resulting in an invasive, nonenhancing growth phenoabbreviatioNs FLAIR = fluid attenuated inversion recovery; GBM = glioblastoma multiforme; HIF-1 = hypoxia-inducible factor-1; miRNA = microRNA; PCR = polymerase chain reaction; RANO = Response Assessment in Neuro-Oncology; RQ = relative quantification; TMZ = temozolomide; VEGF = vascular endothelial growth factor. obJective Bevacizumab is an antiangiogenic agent under investigation for use in patients with high-grade glioma. It produces a high rate of radiological response; however, this response should be interpreted with caution because it may reflect normalization of the tumor vasculature and not necessarily a true antitumor effect. The authors previously demonstrated that 4 hypoxia-mediated microRNAs (miRNA)-miR-210, miR-21, miR-10b, and miR-196b-are upregulated in glioma as compared with normal brain tissue. The authors hypothesized that the regulation and expression of these miRNAs would be altered in response to bevacizumab treatment. The object of this study was to perform longitudinal monitoring of circulating miRNA levels in patients undergoing bevacizumab treatment and to correlate it with tumor response. methods A total of 120 serum samples from 28 patients with high-grade glioma were prospectively collected prior to bevacizumab (n = 15) or temozolomide (TMZ; n = 13) treatment and then longitudinally during treatment. Quantification of the 4 miRNAs was evaluated by real-time polymerase chain reaction using total RNA extracted from the serum. At each time point, tumor response was assessed by Response Assessment in Neuro-Oncology criteria and by performing MRI using fluid attenuated inversion recovery (FLAIR) and contrast-enhanced images. results As compared with pretreatment levels, high levels of miR-10b and miR-21 were observed in the majority of patients throughout the bevacizumab treatment period. miR-10b and miR-21 levels correlated negatively and significantly with changes in enhancing tumor diameters (r = −0.648, p < 0.0001) in the bevacizumab group but not in the TMZ group. FLAIR images and the RANO assessment did not correlate with the sum quantification of these miRNAs in either group. coNclusioNs Circulating levels of miR-10b and miR-21 probably reflect the antiangiogenic effect of therapy, but their role as biomarkers for tumor response remains uncertain and requires further investigation.
type. 5, 24, 30 Progressive nonenhancing tumor can sometimes be detected by a continuous increase in T2 or fluid attenuated inversion recovery (FLAIR) signals on MRI, which are suggestive of infiltrative tumor. The presence of progressive nonenhancing tumor is often associated with clinical deterioration that determines the true course of the disease, despite the absence of an enhancing mass. The multiple facets of clinical and radiological appearance create circumstances that are defined as pseudoprogression or pseudoresponse. Standardized response criteria for clinical trials were therefore needed; the Response Assessment in Neuro-Oncology (RANO) Working Group developed such new criteria for brain tumors that assemble radiological and clinical parameters into 4 categories of response. 36 Reliable and robust biomarkers might detect the presence of tumor, tumor activity, and response to treatment and could serve as an essential addition to the current diagnostic arsenal. Unfortunately, there are no biomarkers that can help monitor the response of GBM to therapy, and consequently, tumor status is evaluated only by clinical parameters standardized by the RANO criteria. Measurable biomarkers that could be detected in the bloodstream would have a considerable advantage because of their relatively easy accessibility, which facilitates repetitive assessments. To date, diverse categories of tumor-associated circulating biomarkers have been investigated, 17 including circulating nucleic acids (DNA, RNA, and microRNA [miRNA] ). We previously demonstrated that cell-free circulating DNA in patients with glial tumors can be used to identify genetic and epigenetic alterations that are present in the tumor tissue. 18 In another study, we investigated the profile of miRNA expression in glial tumors and identified miRNAs that were upregulated in gliomas as compared with normal brain tissue. 19 We selected 6 miRNAs with the highest expression levels (miR-10b, miR-196b, miR-210, miR-302, miR-1271, and miR-21) and evaluated their presence in the serum of patients harboring GBM. Four of the selected miRNAs are reported to be hypoxia-mediated miRNAs (miR-210, miR-21, miR-10b, and miR-196b). 31 The regulation of these and other hypoxia-mediated miRN As either is dependent on hypoxiainducible factor-1 (HIF-1) or is HIF-1-independent. 31 It is therefore likely that both the regulation and expression of these miRNAs will be altered by antiangiogenic therapy. However, it is not clear in what way they will be altered because antiangiogenic agents can induce paradoxical effects on tumor vasculature; it is possible to observe both vascular normalization that improves nutrient and oxygen transport, and vessel pruning that reduces oxygenation and increases hypoxia. 15, 33 In this study we tested the hypothesis that antiangiogenic treatment changes the regulation of hypoxia-mediated miRNAs. We quantified the abovespecified hypoxia-regulated miRNAs and longitudinally monitored them in the circulation of patients with highgrade gliomas who had been treated with bevacizumab, a recombinant humanized monoclonal antibody that blocks angiogenesis by inhibiting VEGF-A. miRNA levels were correlated with clinical parameters for tumor response, including imaging findings and RANO criteria.
methods patients
A total of 120 serum samples were prospectively obtained for total RNA extraction from 28 adult patients who had been diagnosed with either GBM (n = 23) or anaplastic astrocytoma (n = 5; Table 1 ). These patients were treated in the Department of Neurosurgery at The Royal Melbourne Hospital or in the Neuro-Oncology Center of Hadassah Hebrew University Medical Center. The study was approved by the local institutional research ethics committee, and all patients signed written consent forms. Eligible patients were treated according to standard or experimental protocols and received first-line temozolomide (TMZ) treatment (standard treatment, TMZ group) or bevacizumab (10 mg/kg every 14 days) either as a second-line treatment at tumor progression or as a first-line therapy as part of the Avaglio study 7 (clinical trial number NCT00943826; bevacizumab group). The first blood sample (n = 28) was obtained prior to the initial diagnostic procedure (surgery or biopsy) and prior to any treatment. All subsequent samples (n = 92) were attained within 14 days of a routine follow-up MRI evaluation. In the bevacizumab group, a single sample was taken prior to initiation of bevacizumab treatment, and all subsequent samples were taken during active bevacizumab therapy. At each time point patients were assessed by physical and neurological exam, and tumor responses were evaluated using the RANO criteria. 36 Routine MRI evaluation included gadolinium-enhanced T1-weighted images and FLAIR sequences that allowed for tumor measurements. The sum of the products of the perpendicular diameters of enhancing lesions and of FLAIR changes were recorded at each clinic visit.
rNa isolation
Total RNA was extracted from serum using MasterPure RNA Purification Kit (Epicentre), according to the manufacturer's instructions with the following modifications: prior to RNA extraction, the serum was processed in a centrifuge at room temperature for 1 minute at 14,000g to precipitate fat, which might interfere with the reaction, and 1 ml of glycogen was added as a carrier at the start of the reaction.
cdNa
cDNA was produced using the qScript microRNA cDNA Synthesis Kit (Quanta Biosciences), according to the manufacturer's instructions. Briefly, RNA was polyadenylated with ATP by poly(A) polymerase at 37°C for 1 hour and then reverse transcribed.
Real-Time Polymerase Chain Reaction Amplification and Relative Quantification
The miRNA amplification was carried out using primers for the relevant miRNAs, and forward primer sequences appear below. Since the RNA was polyadenylated, oligo dT was used as the reverse primer. RNU6-1: GUGCUCGCUUCGGCAGCACAUAUACUA AAAUUGGAACGAUACAGAGAAGAUUAGCAUG GCCCCUGCGCAAGGAUGACACGCAAAUUCG UGAAGCGUUCCAUAUUUU; hsa-miR-210-3p: CUGUGCGUGUGACAGCGGCUGA hsa-miR-196b-5p: UAGGUAGUUUCCUGUUGUUGGG hsa-miR-10b-5p: UACCCUGUAGAACCGAAUUUGUG hsa-miR-21-5p: UAGCUUAUCAGACUGAUGUUGA
The reaction was performed using PerfeCTa SYBR Green FastMix ROX (Quanta Biosciences). We selected this technique for quantifying miRNA based on its high performance in terms of reproducibility and accuracy when compared with other methods. 23 Quantitative polymerase chain reaction (PCR) reactions were done using StepOnePlus real-time PCR (Applied Biosystems) in 96-well plates. PCR was initiated at 95°C for 2 minutes, followed by 40 cycles at 95°C for 5 seconds and 60°C for 30 seconds. The specificity of the reaction was verified by melt-curve analysis. The relative quantification (RQ) for each miRNA was calculated based on its average quantification in the serum of 10 healthy volunteers and normalized to RNU6 using the comparative cycle threshold (C T ; the cycle number at which the fluorescence signal associated with a particular amplicon accumulation crosses the threshold is referred to as the C T ) method (also referred to as the 2 -DeltaDeltaCT method). To analyze the differential quantification between healthy controls and patients with glioma ( Fig. 1) , RQ has been performed using CT values normalized to RNU6, which is expressed as 2
The average fold change in miRNA levels was used to evaluate the quantification level. Quantification levels were compared between healthy controls and tumorbearing patients using the Student t-test. To analyze the association between 2 selected variables (i.e., tumor measurements and miRNA expression or RANO assessment), Pearson correlation coefficients were used based on a 2-tailed test. For analysis involving RANO assessment, disease state was categorized numerically as progressive disease, stable disease, partial response, or complete response. Correlation tests were performed using a binary variable of the fold changes. A p value < 0.05 was considered statistically significant.
results
In a previous study 19 we surveyed the expression of miRNAs in glial tumors and found 6 miRNAs (miR-302b-3p, miR-21, miR-210, miR-10b, miR-196b, and miR-1271) to be highly upregulated in glial tumors as compared with normal brain tissue. The fold increase in expression for these miRNAs in tumors was 3.56, 9.77, 57.02, 107.6, 548, and 1138 for miR-302b-3p, miR-21, miR-210, miR10b, miR-196b, and miR-1271, respectively. As a first step in this study, we evaluated whether these miRNAs could be detected in the serum of healthy individuals and if the increased expression in tumor tissue was reflected in the serum of patients harboring high-grade glioma. miRNA levels were quantified in serum samples from 10 healthy controls and 30 patients with high-grade glioma. Serum from patients with brain tumors was obtained on the day of hospitalization prior to the first diagnostic surgical procedure. Significantly increased levels of miR-10b and miR-21 were detected in the serum of affected patients, while miR-210, miR-196b, and miR-1271 levels did not differ from those in healthy controls (Fig. 1) . miR-302b-3p was not detected in the serum samples of either healthy controls or patients with brain tumors. Therefore, all further evaluations were performed for miR-10b and miR-21 only.
To assess whether bevacizumab treatment was associated with changing levels of circulating miRNA, we compared findings in the bevacizumab-treated group with those obtained in the TMZ group. The 2 treatment groups did not differ significantly in patient characteristics and tumor sizes, as measured during the initial evaluation and at the last follow-up (Table 1) . To evaluate the measurement dynamics at each time point, values were expressed as a fold change from the previous measurement. Each treatment group was assessed separately. Longitudinal evaluations and their association with tumor measurements and RANO results in response to treatment are presented in Table 2 . Results for the bevacizumab arm, which illustrates the fold change from pre-bevacizumab values and includes only patients who had at least 2 follow-up evalua- tions on bevacizumab treatment, are shown in Figs. 2 and 3. Both miR-10b and miR-21 tend to display high expression levels when compared with pre-bevacizumab levels, as demonstrated in Fig. 2 upper, which shows the sum of the relative quantification of the 2 miRNAs for each time point. The sum quantification is based on previous studies showing that a combination of miRNAs yielded better diagnostic results than individual miRNAs alone. 2, 3, 28, 29, 38 In 9 of the 15 patients, miR-10b and miR-21 were highly induced (with fold induction ranging from 1.5 to 18 and from 1.5 to 5, respectively) following the first bevacizumab treatment. Figure 2 lower shows the longitudinal changes that occurred in the enhancing tumor measurements on MRI. In most patients, the sum of the products of the perpendicular enhancing diameters were clearly reduced with bevacizumab treatment, as expected. However, a reduction of greater than 50%, which is required to be classified as a partial response according to the RANO criteria, was not common. At each time point, response to treatment was also assessed by the RANO criteria, and the longitudinal results are shown in Fig. 3 . It is clear that the combined clinicoradiological assessment classified most patients as having stable disease prior to the point at which progressive disease was observed, and some patients maintained the response to treatment for a prolonged period of time.
Because the assessed variables (cross-sectional FLAIR, enhancing tumor diameters, and miR-10b and miR-21 levels) are all swayed by bevacizumab treatment and possibly by steroid treatment, their causal sequence remains unclear. Therefore, to assess whether changes in circulating miRNA levels reflect tumor response to bevacizumab therapy or to chemotherapy, the fold change for each variable at each time point was used in the correlation analysis, which was performed for both the TMZ group and the bevacizumab group. Table 2 presents the correlations between fold change in miRNA expression levels and the radiological evaluation of tumor dimensions or changes in tumor response as assessed by RANO criteria. A significant negative correlation was found only in the bevacizumab group between enhancing tumor diameters and fold change for either miRNA alone or the average change for both miRNAs combined. On the contrary, changes in FLAIR measurements in the bevacizumab group were found to correlate significantly and negatively only with fold change in miR10b levels, and no significant correlation was found between changes in RANO classification and the expression of miRNAs. In the TMZ group, no significant correlation was found between the fold change in miRNA levels (either alone or combined) and tumor dimension or clinical response.
discussion
This study reveals the dynamic effects of antiangiogenic therapy on levels of circulating miR-10b and miR-21 in patients with high-grade gliomas. Levels of both miRNAs are markedly altered by bevacizumab treatment, and this increase tends to persist throughout the treatment period. To our knowledge, no previous prospective longitudinal monitoring of circulating miRNA has been published to date in patients with brain tumors. Furthermore, there are no other studies that prospectively explore whether these biomarkers reflect tumor burden, as assessed by clinical and imaging measures. Circulating tumor-specific miRNAs have been detected in the blood of patients with GBM in 4 studies. 9, 11, 29, 35, 39 These studies found increased levels of miR-21, miR-128, 29, 35 miR-20a-5p, miR-106a-5p, and miR-181b-5p. 39 Elevated circulating miR-21 was incidentally detected 36 months prior to the diagnosis of GBM in a single patient who participated in a prospective study of Alzheimer's disease. 11 One study compared the blood profile of 1158 miRNAs in 20 patients with GBM and 20 age-matched healthy controls and found that only 2 candidates, miR-128 and miR342-3p, remained significantly elevated after correcting for multiple testing. 29 Any tumor-derived marker is expected to be at its highest concentration in the tumor itself, followed by the surrounding extracellular fluid and then the peripheral blood. Cerebrospinal fluid analysis may serve as a close reflection of the tumor's extracellular space, but unfortunately this is not practical in patients with high-grade glioma. One study attempted to distinguish between GBM and brain metastases (primary tumors from breast and lung) through miR-NA profiling of patients' CSF. 32 The analysis revealed an elevation in miR-10b and miR-21 levels for all categories of brain neoplasms, as compared with tumors in remission or with a variety of nonneoplastic conditions. In the current study, our search for circulating markers was based on our previous findings in tumor tissues in which both miR10b and miR-21 were found to be highly expressed in tumors as compared with normal brains. 19 However, aberrant expression of miRNAs in neural tissue or in a systemic tumor is not always reflected in the circulation, as was encountered in other studies.
14,20,37 Indeed, we also found that circulating levels of miR-210, miR-196b, and miR-1271 in patients with brain tumors was similar to levels in healthy adults, despite the fact that their fold expression in tumor tissue was 57.02, 548, and 1138, respectively. That left us with 2 hypoxia-regulated markers, miR-10b and miR-21, that were significantly elevated in the bloodstream of patients with high-grade glioma-and according to previous findings, also in glial tumors.
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miRNAs are supposed to enter body fluids via 3 primary mechanisms: 1) passive release from normal or diseased tissue, 2) active secretion from cell-born membrane vesicles (exosomes, microvesicles, and apoptotic bodies), and 3) active secretion by macromolecular complexes (e.g., high density lipoprotein). 27 The cellular origin of bloodborne miRNA is not fully explored, but primary sources could include blood cells (red and white blood cells), platelets, 26 vascular endothelium, liver, and spleen. 6 The global relationship between tissue miRNA and circulating miRN A in the normal population has been investigated, 6, 13, 21 and a significant positive correlation has been observed between blood-borne miRNA and tissue-borne miRNA. Liver miRNA correlates most closely with circulating miRNA, while miRNA from placenta, testis, and brain exhibits the weakest correlation. 6 Although a positive correlation between tissue and blood miRNA is observed in the normal population, the relationship between cancer tissue and blood samples is more complex. A pattern opposite to what is expected, based on tissue profile, has been observed in the circulation of cancer patients for deregulated tumor-suppressing miRNA and oncogenic miRNA levels. 13, 22 Thus, the cause of altered miR-10b and miR-21 levels, which are observed in our patients during bevacizumab treatment, remains unclear, as both the highgrade glioma and systemic tissues could be contributing sources. Given that both miRNAs were elevated throughout the treatment period (Fig. 2 upper) , it is implied that the anti-VEGF treatment affects the regulation of these 2 hypoxia-regulated miRNAs, probably as a compensatory mechanism to overcome the antiangiogenic effect of bevacizumab. Of note are 2 previous studies that evaluated miRNA expression in patients treated with bevacizumab. 12, 34 One study used biopsies of metastatic melanomas obtained prior to the start of treatment and during therapy. 34 It showed that tumor expression of 15 miRNAs, including miR-10b, was significantly upregulated once bevacizumab was included in the treatment regimen. The second study 12 assessed circulating miRNA levels in patients with non-small cell lung cancer 24 hours after the first dose of a treatment regimen that included bevacizumab. It found no significant change from the pretreatment profile. However, this 24-hour time point may be too early to detect a significant change in circulating markers. The longitudinal assessment conducted during bevacizumab treatment was meant to evaluate whether circulating miRNA levels may reflect changes in tumor burden over time by using correlative imaging and clinical data at each time point. The significant negative correlation between miR-10b and miR-21 levels and cross-sectional enhancing tumor diameters (Table 2) is not surprising if we assume that their upregulation reflects the effect of antiangiogenic therapy (Fig. 2) . The dramatic reduction in the amount of contrast enhancement has been previously noted as an early effect of antiangiogenic therapy, 1, 4, 16, 25 but it is becoming increasingly recognized that changes in vascular permeability may be independent of the antitumor effect. 10 For that reason, we also used FLAIR images to investigate nonenhancing tumor and used RANO criteria to assess tumor response. With the current lack of specific guidelines, 8 we are well aware of the concerns regarding reproducibility in the determination of nonenhancing tumor progression, but it seems that the FLAIR measurements further reflect the limited effect of bevacizumab treatment on tumor burden in this study. For the most part, both RANO assessment and FLAIR findings suggest that tumors probably stabilized with bevacizumab treatment, but there was a lack of consistent correlation between tumor status and miRNA levels. The sum quantification of both miRNAs remained elevated and relatively stable at the point where progressive disease was noted by RANO assessment (Figs.  2 upper and 3) . Finally, the lack of significant association between circulating miRNA, tumor measurements, and RANO assessment in the TMZ group ( Table 2 ) further suggests that the increased circulating miRNA levels observed with bevacizumab are a result of the antiangiogenic effect of the treatment.
The main shortcoming of our study is the small number of patients, despite the fact that 120 blood samples were collected prospectively and matched with clinical and imaging parameters. Future studies should include larger cohorts of patients treated with different modalities (such as chemotherapy, antiangiogenic therapy, or immunotherapy) to verify the clinical utility of using circulating miRNA as a biomarker.
conclusions
This study demonstrates that circulating miR-10b and miR-21 tend to be present at high levels during bevacizumab treatment, which probably reflects the antiangiogenic effect of therapy. Their role as biomarkers for tumor response remains uncertain and requires further investigation using a larger-scale study.
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